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One unique advantage of the kinetic spray process is its ability to mix constituents that would normally react
with each other to form coatings. This attribute was used to produce composite coatings with different rare
earth iron alloys (REFe2) and several ductile matrices. Composite coatings of Terfenol-D [(Tb0.3Dy0.7)Fe1.9]
and SmFe2 were combined with ductile matrices of aluminum, copper, iron, and molybdenum. Evidence of
an induced magnetic coercivity was measured for the REFe2-Mo and Fe composite coatings. Coatings were
produced on flat substrates and shafts. Coating morphology as well as the physical, magnetostrictive, and
magnetic properties of these coatings are discussed.

Keywords cold gas dynamic spraying, composite materials, in-
fluence of spray parameters

1. Introduction

The kinetic spray process (Ref 1-3) utilizes high-pressure gas
to accelerate powder particles to velocities of ∼500 m/s and is
being used to produce low-porosity, low-oxide, and low residual
stress coatings. The cold spray process, or CGSM (Ref 4-7), is a
related process, and both have been discussed in detail in the
literature (Ref 1-7). The initial powders are not melted or gen-
erally thermally softened in these processes. Any original phase
or phases present in the starting powder is preserved in the coat-
ings. Another advantage of the kinetic spray process is the abil-
ity to mix materials that would normally react with each other
and form a composite coating. Each constituent of the composite
coating retains the original material properties it had prior to
formation of the coating because no melting is involved in the
coating process.

The kinetic spray process allows production of composite
coatings using a combination of rare earth iron alloys such as
Terfenol-D [(Tb0.3Dy0.7)Fe1.9] and SmFe2 and a ductile matrix
(aluminum, copper, etc.). Such a coating would combine the “gi-
ant” saturation magnetostriction, the magnetic and physical
properties of rare earth iron alloys, and the strength and ductile
properties of the matrices (aluminum, copper, etc.). A coating
using the brittle rare earth iron alloys would be strengthened
when incorporated into the ductile metal matrix. Such coatings,
with the appropriate detector, could function as torque, position,
or force sensors when incorporated into the ductile metal matrix.

2. Experimental Methods

Figure 1 is a photograph of the kinetic spraying of a Terfenol-
D/aluminum coating onto a nitronic (nonmagnetic austenitic
stainless steel alloy) shaft. The pyrophoric nature of the Ter-
fenol-D is clearly visible as the coating is applied to the shaft.
The kinetic spray nozzle used for all the coatings produced in
this study was 301 mm long with an exit area of 12.7 × 5 mm.
The throat diameter was 2 mm. The SmFe2 powders were made
in house by melting, annealing, and ball milling the ingot into
powder and sieving into a size range from ∼63 to 90 µm. The
Terfenol-D ingot powder particles (received from Etrema Inc.,
Ames, IA) were between ∼65 and 300 µm in diameter and com-
bined with a range of ductile materials. The ductile materials
ranged in size between ∼63 and 90 µm and were received from
the FJ Brodmann Company (Harvey, LA). Stand-off distance
was ∼25 mm. Traverse speed varied from 0.5 to 6 mm/s. The
main gas in all cases was helium, and the powder feeder gas was
nitrogen.

All the rare earth alloys and the ductile materials were mixed
in a 50/50 (by volume) ratio prior to spraying. Terfenol-D coat-
ings were produced with ductile matrices of copper, aluminum,
nickel, tantalum, molybdenum, and iron. SmFe2 composite coat-
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Fig. 1 Kinetic spraying of Terfenol-D/aluminum coating on nitronic
shaft
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ings were only investigated with the copper matrix. The powder
feed rate was set at 500 rpm on the auger screw for all coatings
(∼1.5 g/s). The main gas temperature ranged between 204 and
593 °C depending on the material combination being sprayed.
The number of passes varied from 2 to as high as 20. Shafts were
sandblasted in the coated area, clamped into a rotary vise, rotated
at 300 rpm, and sprayed. The flat brass substrates were sand-
blasted prior to spraying. Porosity and density measurements
were made using an AccuPyc 1330 helium pycnometer (Mi-
cromeritics, Norcross, GA) for the copper and aluminum com-
posites.

Thick samples of the coatings were removed from the brass
substrates by bending the substrate to induce a crack to form
along the coating/substrate interface until the coating delami-
nated. The coatings were then subsequently sectioned into plates
for testing of their magnetostriction properties. Strain gauges (in
half-bridge configuration) were attached to the samples (ori-
ented 90° relative to each other), and the coatings were placed in
a uniform magnetic field, H. �� is the strain parallel to the H
direction of the magnetic field, and �⊥ is the strain perpendicular
to the H direction of the magnetic field. For an isotropic magne-
tostrictive coating in a magnetic field large enough to saturate
the material, the difference (�� − �⊥) is proportional to the satu-
ration magnetostriction �S, where �S = 2/3(�� − �⊥) (Ref 9).

3. Results and Discussion

Figure 2(a) is a SEM micrograph of the cross section of a
Terfenol-D/aluminum composite coating on a brass substrate.
The darker areas in the SEM photo are the aluminum matrix, and
lighter areas are the Terfenol-D. Figure 2(b) and (c) are energy-
dispersive spectroscopy x-ray mapping (EDAX) photos for dys-
prosium and aluminum, respectively. One can clearly identify
the Terfenol-D particles (dysprosium map) in Fig. 2(b) and the
aluminum particles in Fig. 2(c). Porosity for this sample was
measured to be 0.6% with the final coating composition consist-
ing of ∼27% Terfenol-D and 72% aluminum (vol.%); recall that
the original starting mixture was 50% Terfenol-D and 50% alu-
minum (vol.%). Some cracking is observed in the Terfenol-D
due to its brittle behavior; however, some cracking may be an
artifact of the sectioning or polishing of the sample (i.e., pull-
outs). The Terfenol-D was uniformly dispersed throughout the
aluminum matrix.

Figure 3 is a graph of the strain 2/3(�� − �⊥) (ppm) plotted
against magnetic field strength (kOe). The series of curves plot-
ted in Fig. 3 are for Terfenol-D/aluminum composite coatings
produced as a function of increasing main gas (helium) tempera-
tures. The sample curves are similar, and one observes that in-
creasing the main gas temperature (i.e., particle velocity) usually
results in little effect on the magnetostriction response. Also
shown in Fig. 3 (dotted line) is the strain response of T-250 ma-
raging steel for comparison. The curves show a lack of coerciv-
ity in these coatings. In a material with a high degree of coerciv-
ity, a hysteresis (butterfly-shaped loop) would be observed on
each side of the vertical axis. This lack of coercivity was also
observed in the ingot powder, which shows equally small coer-
civity.

The Terfenol-D/aluminum coating’s thickness, density, and
porosity measurements are shown in Table 1 as a function of the

main gas temperature. Porosity measurements for the coatings
were approximately the same within the accuracy of the mea-
surement (±0.3%).

Figure 4(a) is a micrograph of a Terfenol-D/copper compos-
ite coating. A microstructure similar to that in the Terfenol-D/
aluminum coating is observed. The lighter regions are copper,
and the darker regions are Terfenol-D material. The Terfenol-D/
copper coating’s density and porosity measurement values are
shown in Table 2. These coatings were sprayed at a main gas
temperature of 315 °C. Porosity of the coatings was approxi-
mately twice that of the Terfenol-D/aluminum coatings; how-

Fig. 2 (a) SEM micrograph of a Terfenol-D/aluminum composite
coating; (b) light areas are Terfenol-D (dysprosium map); (c) the lighter
areas are aluminum (aluminum map).
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ever, the percentage of Terfenol-D incorporated into the coat-
ings was noticeably higher, 37.3% average (copper) compared
with 28.3% average (aluminum). This increased incorporation
of Terfenol-D into the copper matrix may be a result of the
physical properties of the matrix. Comparing the Young’s
modulus of copper (131.3 GPa) to that of aluminum (72.2 GPa;
Ref 8) shows that the copper matrix is a factor ∼1.8 times stron-
ger. The matrix must be able to absorb the kinetic energy of the
Terfenol-D particles to be incorporated into the coating because
the Terfenol-D does not plastically deform. Perhaps this is why
the percentage of Terfenol-D incorporated is higher for the cop-
per matrix than the aluminum matrix. The strain (Fig. 4b) is ap-
proximately half that of the Terfenol-D/aluminum coatings with
no significant coercivity demonstrated as noted from the sym-
metric response around H = 0.

Composite coatings of SmFe2/copper were also produced us-
ing an original starting mixture of 50% SmFe2 and 50% copper
(by volume). Figure 5(a) is a micrograph of the coating cross
section. The dark regions are samarium iron, and the lighter re-
gions are copper. Figure 5(b) is the magnetostrictive strain as a
function of the applied magnetic field. The strain is approxi-
mately the same in magnitude as the other Terfenol-D/copper
composite, however opposite in sign due to the negative magne-
tostriction coefficient of the samarium iron. The material has not
saturated at 15 kOe, an effect similar to that observed with hot
pressed composites (Ref 9-11). Coercivity is not observed in this
sample as evidenced by the lack of any deviation in the butterfly-
shaped curves around H = 0.

Figure 6(a) is a micrograph of a Terfenol-D/iron composite.
The morphology of the coating is similar to the composite coat-
ings produced using aluminum and copper matrices. The dark

regions are the Terfenol-D, and the lighter regions are iron. The
magnetostrictive strain is plotted in Fig. 6(b) as a function of the
applied field. The shape and amplitude of the curve are similar to
those of the copper composite; however, a small coercivity is
measured, <1 kOe. As the magnetic field is decreased, the mag-
netostriction also decreases; however, it is observed that a small
reverse magnetic field is needed to completely drive magneto-
striction to zero. The effect is also measured when the field is
ramped from the negative magnetic field direction to positive
field direction, where a slight positive field is required to drive
the magnetostriction to zero. Presumably, this is caused by the
iron/Terfenol-D interaction (Terfenol-D ingot has a slight coer-
civity, see Fig. 9a) in the coating sample. The butterfly shape of
the curves around H = 0 is characteristic of rare earth compos-
ites/iron that have coercivity and have been produced by hot
pressing (Ref 9-11). Figure 7(b) and (c) shows EDAX mapping
for dysprosium and iron, respectively. One can clearly identify
the iron particles by comparing Fig. 7(b) (iron mapping) and the
Terfenol-D particles (dysprosium mapping) in Fig. 7(c) with the
SEM micrograph in Fig. 7(a).

Figure 8(a) is an optical micrograph of the Terfenol-D/
molybdenum composite coating. The dark regions in the micro-
graph are Terfenol-D, and the lighter regions are the molybde-

Fig. 3 Magnetostriction data as a function of spraying conditions for
Terfenol-D/aluminum composite coatings (dotted line is the typical
magnetostriction data for T-250 maraging steel for comparison)

Table 1 Terfenol-D/aluminum composite coating
properties

Gas
temp,
°C

Thickness,
µm

Density,
g/cm3 Porosity, % Al, %

Terfenol-D,
%

315 1770 4.57 0.98 70 30
260 1675 4.54 0.98 70 30
204 1780 4.44 1.14 72 26

Fig. 4 (a) SEM micrograph of a Terfenol-D/copper composite coating
(darker areas are the Terfenol-D, and lighter areas are copper); (b) mag-
netostriction response of a Terfenol-D/copper composite coating as a
function of the applied magnetic field

Table 2 Terfenol-D/copper composite coating properties

Density,
g/cm3

Porosity,
vol.%

Copper,
vol.%

Terfenol-D,
vol.%

8.83 2.52 62.7 37.3
8.82 1.99 63.7 36.3
8.83 2.79 61.7 38.3
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num particles. The magnetostrictive response as a function of
the applied magnetic field is shown in Fig. 8(b). The magneto-
strictive behavior of the Terfenol-D/molybdenum curves dem-
onstrates a large coercivity effect as evidenced by the relatively
large reverse magnetic field needed to reduce the magnetostric-
tion to a minimum as the field reverses from +8 to −8 kOe. The
effect is also observed as the magnetic field goes from −8 to + 8
kOe. Here, a relative large positive field is required to reduce the
magnetostriction to a minimum. The magnitude of the Terfenol-
D/molybdenum coating is significantly larger than the Terfenol-
D/iron coating. It is interesting to note that of all the coatings
tested only the Terfenol-D/molybdenum, and the Terfenol-D/
iron composites demonstrated a significant coercivity after be-
ing kinetically sprayed.

In an effort to determine the origin of the kinetically sprayed
coercivity, a vibrating sample magnetometer was used to mea-
sure the demagnetization curves of the Terfenol-D ingot pow-
der, Terfenol-D powder mixed with the molybdenum powder,
and a sample piece of the Terfenol-D/molybdenum composite
coating. The results are shown in Fig. 9. In this figure, curve b is
a nickel powder for comparison. The vibrating sample magne-
tometer measures the magnetic moment as a function of applied
field. No significant coercivity is measured for the Terfenol-D
ingot powder (curve a) or the Terfenol-D powder mixed with the
molybdenum powder (curve c). Only after kinetically spraying
the powders does the composite coating demonstrate a coerciv-
ity of Hci = 3.7 kOe (curve d).

The Terfenol-D/molybdenum composite coating shown in
Fig. 8(a) has a microstructure consisting of Terfenol-D particles
surrounded by a matrix of plastically deformed molybdenum
particles. The magnetostrictive response to the applied field
(Fig. 8b) is significantly different from that of the other compos-
ite coatings measured. A relatively large coercivity response is
measured in the Terfenol-D/molybdenum composite coating as
shown in Fig. 8(b) (note the large hysteresis loop, i.e., the but-
terfly shape of the curves around H = 0). Indeed, the sample
coatings possessed sufficient coercivity that individual pieces of
coating would stick together once magnetized. A coercivity of
Hci = 3.7 kOe was measured for the coating as shown in Fig. 9.
For comparison, the typical value of coercivity for Alnico mag-
nets is ∼1 kOe.

Bulk molybdenum is known to be paramagnetic. Molybde-
num compounds have been reported to have ferromagnetic be-
havior (Ref 12, 13). The initial powders do not possess any sig-
nificant coercivity (Fig. 9c), and it is observed from the coating
morphology that the Terfenol-D does not plastically deform al-
though the molybdenum particles do. This raises the question
whether the plastic deformation of the molybdenum produces an
anisotropic plane in which the magnetic moments of the molyb-
denum would align. This strain-induced plane perpendicular to
the spray direction could provide an easy axis for alignment.
Further investigation is planned.

4. Conclusions

The unique advantage of the kinetic spray process is its abil-
ity to produce coatings without generally thermally softening or

Fig. 5 (a) Micrograph of a SmFe2/copper composite coating (darker
areas are samarium, and lighter areas are copper); (b) magnetostriction
response of a SmFe2/copper composite coating as a function of the ap-
plied magnetic field

Fig. 6 (a) SEM micrograph of a Terfenol-D/iron composite coating
(darker areas are Terfenol-D, and lighter areas are iron); (b) magneto-
striction response of a Terfenol-D/iron composite coating as a function
of the applied magnetic field
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melting the original constituents. This advantage was used to
produce composite coatings of Terfenol-D ((Tb0.3Dy0.7)Fe1.9)
and SmFe2 with ductile matrices of aluminum, copper, iron, and
molybdenum. The constituents did not react with each other and
formed robust coatings. The composite coatings produced us-
ing the SmFe2 and Terfenol-D powders in matrices of alumi-
num, copper, iron, and molybdenum demonstrate there is insuf-
ficient kinetic energy to plastically deform the brittle rare earth
iron alloys (Fig. 2, 4a, 5a, 6a, 7, and 8a). There is, however,
sufficient energy to plastically deform the ductile material of the
matrices. All of the cross-sectional micrographs of the compos-
ite coatings show that the ductile matrix material plastically de-

Fig. 9 Demagnetization curves for (a) Terfenol-D ingot powder only,
(b) nickel powder standard for comparison, (c) Terfenol-D + molybde-
num powder, and (d) Terfenol-D/molybdenum kinetically sprayed coat-
ing

Fig. 7 (a) SEM micrograph of a Terfenol-D/iron composite coating;
(b) Fe mapping; (c) dysprosium mapping

Fig. 8 (a) SEM micrograph of a Terfenol-D/molybdenum composite
coating (darker areas are Terfenol-D, and lighter areas are molybde-
num); (b) magnetostriction response of a Terfenol-D/molybdenum
composite coating as a function of the applied magnetic field
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forms around the brittle rare earth alloys, resulting in coatings
with a low degree of porosity. Some fracturing of the rare earth
iron alloys was observed at higher magnifications.

Evidence of an induced magnetic coercivity was measured
for the Terfenol-D/Mo and Fe composite coatings. The largest
effect was observed with the molybdenum composite. A coer-
civity value of Hci = 3.7 kOe was measured. Coatings were pro-
duced on flat substrates and shafts. The coating morphology and
the physical, magnetostrictive, and magnetic properties of these
composite coatings were found to be similar.

Because of the pyrophoric nature of the rare earth iron alloys,
major modifications will be needed in the dust collector system
to handle the kinetic spraying of pyrophoric materials safely.
The rare earth alloys are extremely pyrophoric in nature, and
suitable safety measures need to be taken to contain the sparks
generated upon impact with the substrate. Note the degree of
sparking shown in Fig. 1. Adequate baffling is necessary to pre-
vent sparks from reaching the dust collector.
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